Extending axons are guided in part by diffusible chemoattractants that lure them to their targets and by diffusible chemorepellents that keep them away from nontarget regions. Floor plate cells at the ventral midline of the neural tube express a diffusible chemoattractant, netrin-1 , that attracts a group of ventrally directed axons. Here we report that floor plate cells also have a long-range repulsive effect on a set of axons, trochlear motor axons, that grow dorsally away from the floor plate in vivo. COS cells secreting recombinant netrin-1 mimic this effect, suggesting that netrin-1 is a bifunctional guidance cue that simultaneously attracts some axons to the floor plate while steering others away. This bifunctionality of netrin-1 in vertebrates mirrors the dual actions of UNC6, a C. elegans homolog of netrin-1 , which is involved in guiding both dorsal and ventral migrations in the nematode.
Introduction
An early step in the establishment of neuronal connections during embryonic development is the growth of each axon from its site of origin on the neuronal soma to its synaptic partners. The growth cone at the tip of the developing axon migrates in response to molecular guidance cues in the embryonic environment, which can be attractive (encouraging migration in a particular direction) or repulsive (discouraging migration in other directions). Some guidance cues are expressed by cells along the paths of the axons and operate over a short range. In addition, there is evidence for the existence of longer-range guidance cues, i.e., diffusible chemoattractants that emanate from intermediate or final targets of the axons, and diffusible chemorepellents that are secreted by cells in regions that the axons avoid (reviewed by Goodman and Shatz, 1993; Tessier-Lavigne, 1994) . The identity of long-range axon guidance cues is largely unknown. Recently, a family of chemoattractants for developing axons, the netrins, has been identified (Serafini et al., 1994; Kennedy et al., 1994) . Netrin-1 and netrin-2 function as chemoattractants for developing spinal commissural axons in vitro, and netrin-1 is expressed by an intermediate target of these axons, the floor plate, during the period that commissural axons grow along a ventral circumferential trajectory to the floor plate (Kennedy et al., 1994) . Thus, netrin-1 secreted by floor plate cells likely plays a role in directing the circumferential migrations of commissural axons, attracting them to the ventral midline of the spinal cord. In the case of diffusible chemorepellent% the semaphorin family of axon guidance cues (Kolodkin et al., 1992 (Kolodkin et al., , 1993 Luo et al., 1993) includes two members, semaphorin II and collapsinlsemaphorin Ill, that have been implicated as long-range inhibitory or repulsive cues (Luo et al., 1993; Matthes et al., 1995 [this issue of Cell] ; Messersmith et al., 1995) .
The netrins are homologs of the Caenorhabditis elegans UNC-6 protein, which is required for circumferential migrations of cells and axons in the nematode and which has been proposed to function as a guidance cue that directly controls these migrations (Hedgecock et al., 1990; lshii et al., 1992) . Importantly, loss of UNCB function disrupts both ventrally directed and dorsally directed circumferential migrations; moreover, UNC-6 appears to be concentrated in the ventral portion of the nematode (W. Wadsworth and E. Hedgecock, personal communication) .
One model consistent with these observations is that UNCB is present in a decreasing ventral-to-dorsal gradient in the nematode, and that ventrally directed axons are attracted by increasing concentrations of UNC6, whereas dorsally directed axons are repelled.
The conservation between netrin and UNC-6 sequences, and the apparent conservation in the function of these proteins in directing ventral migrations, raises the question of whether the netrins also contribute to directing dorsal migrations away from the floor plate by repelling dorsally directed axons. To test this possibility, we have focused on the development of the trochlear nerve (cranial nerve IV). Trochlear motor axons originate from cell bodies located near the floor plate and extend along a distinctive dorsally directed circumferential trajectory away from the floor plate, to the dorsal midline of the neural tube and then into the periphery. The circumferential trajectory to the dorsal midline is conserved within all vertebrate species in which it has been examined and is unique among motoneurons, as well as among all other neurons in the midbrain, hindbrain, and spinal cord (Sinclair, 1958; Fritzsch and Sonntag, 1988; Matesz, 1990; Fritzsch and Northcutt, 1993; Szekely and Matesz, 1993; Chedotal et al., 1995) . Although the trochlear motoneuron population has been studied extensively as a model system for cell death and axonal regeneration (Cowan and Wenger, 1967; Sohal and Holt, 1977; Sohal et al., 1985 Sohal et al., , 1991 Sohal et al., a, 1991 Sonntag and Fritzsch, 1987; Fritzsch and Sonntag, 1990; Murphy et al., 1990; Derouiche et al., 1994) , the mechanisms that direct their unique dorsal projections are unknown. Here, we have explored possible interactions between floor plate cells and trochlear motor axons. We show that the floor plate and heterologous cells secreting netrin-1 can repel trochlear motor axons at a distance in vitro. These results suggest that netrin-1 secreted by floor plate cells functions as a chemorepellent to guide trochlear motor axons away from the ventral midline in vivo. The cell bodies of neurons in the trochlear (cranial nerve IV) nucleus differentiate ventrally near the floor plate at the level of the junction between the hindbrain and midbrain around embryonic day 11 (Ell) in the rat (Altman and Bayer, 1981) . Their axons extend circumferentially away from the floor plate along a dorsal trajectory, cross the midline in the roof of the hindbrain (the anterior medullary velum), and then project to their final target, the superior oblique muscle of the contralateral eye (Figure 1 A) , reaching it by El3 (B. Fritzch, personal communication).
The dorsal trajectory and emergence of these axons from the central nervous system (CNS) at the dorsal midline can be visualized in transverse sections through the hindbrainmidbrain junction (HMJ) by using the marker F84.1 (Figure  lB) , which labels both motor axons and floor plate cells (Prince et al., 1992) or by backlabeling the axons with the fluorescent dye Dil (for 1 ,l'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate) injected into the mesenchyme between the eye and the anterior medullary velum ( Figure 1C ). The dorsal projections of trochlear motoneurons contrast with the projections of motoneurons of the oculomotor (cranial nerve Ill) nucleus, which are born less than 150 t.tm rostra1 to trochlear motoneurons and also project to eye muscles, but whose axons (which also express F84.1) exit the neural tube near their cell bodies (Puelles and Privat, 1977; Altman and Bayer, 1981; Prince et al., 1992; Szekely and Matesz, 1993; Chedotal et al., 1995; Fritzsch et al., 1995 ; discussed in legends to Figures 1 and 2) .
To study the factors that influence trochlear motor axon growth, we first examined whether the characteristic dorsal migration of these axons can be replicated in explant culture. Explants of the entire hindbrain-midbrain junction (HMJ explants) were isolated from rat embryos at El1 (i.e, around the time when trochlear motoneurons begin to differentiate), freed of surrounding mesenchyme, and cultured in three-dimensional collagen matrices for 48 hr. At that time, a bundle of axons could be observed that had emerged from the dorsal surface of explants during the culture period (data not shown). Dil applied to the bundles retrogradely labeled axons with cell bodies located in the ventral (basal) aspect of the explants in a position characteristic of trochlear motoneurons (Altman and Bayer, 1981) and which had extended along a dorsal trajectory similar to that followed by trochlear motor axons in vivo (compare Figures 1D and 1C) . The axons in the bundles also expressed F84.1, consistent with their being motor axons (data not shown; see Figure 2C , below). Thus, the developing neural epithelium appears to contain all the cues necessary to direct the differentiation of trochlear motoneurons and the dorsal migration of their axons in vitro.
The Ventral Neural Epithelium
Contains Cues That Can Instruct Trochlear Motor Axons to Grow Dorsally This dorsal trajectory could result from the attraction of these axons by dorsal structures, an intrinsic bias in the direction of neurite outgrowth from these neurons, or the repulsion of these axons by ventral structures, among others. To test whether dorsal structures are required for the dorsal migration in vitro, we removed the dorsal two thirds of El 1 HMJ explants and cultured the remaining portions (referred to below as ventral HMJ explants) in isolation (diagrammed in Figure 2A ). A cluster of axons emerged from the cut dorsalmost edge of the ventral HMJ explants after 20-24 hr in culture (data not shown) and continued to grow within the collagen matrix along a trajectory that paralleled the original dorsoventral axis of the explant. This resulted in the presence, after 40 hr, of a characteristic loose bundle of axons, 50-90 pm wide, oriented roughly perpendicular to the dorsal edge of the explants (41 of 42 explants; Figure 28 ). In what follows, we refer to this bundle (exiting the dorsal edge and more than 30 pm wide) as a dorsal bundle. The axons in the dorsal bundle were likely trochlear motor axons, as they expressed F84.1 (Figure 2C ) and derived from cell bodies in the characteristic location of trochlear motoneurons (as assessed by F84.1 staining [Figures 2C and 2D] and retrograde labeling with Dil [data not shown]). Other isolated axons and thin axon bundles were sometimes observed projecting into the collagen from apparently random sites in the explants ( Figure  28 ). These axons could be labeled with anti-neurofilament antibodies but did not usually express F84.1 and did not follow any obvious trajectory within the collagen matrix (data not shown); we presume that they derived from other neurons, such as medial longitudinal fasciculus neurons, in the explants (Altman and Bayer, 1981) . In some cases, one or two thin F84.1+ fascicles that appeared to originate from the trochlear nucleus were observed separate from the large F84.1+ bundle (see Figure 2C ).
These results indicate that trochlear motor axons do not require signals from the dorsal two thirds of the neural epithelium to direct their initial dorsal migration. In addition, although most of the trochlear motor axons observed within cultured ventral HMJ explants exited the dorsal pole of the cell bodies and appeared to have migrated along a straight dorsal trajectory, cases were also observed of F84.1' axons whose initial segments were found on the ventral side of the cell bodies and that were directed ventrally toward the floor plate for a short distance. However, all such axons then appeared to make a sharp U-turn to project dorsally ( Figure 2D ). These observations show that the dorsal migration of trochlear motor axons in vitro does not result simply from polarized outgrowth from the cell bodies of origin and indicates that the ventral neural epithelium contains cues that can redirect the axons to grow dorsally.
The Floor Plate Suppresses the Formation of Dorsal Bundles of Trochlear Motor Axons
We next examined whether the floor plate provides trochlear motor axons with a cue(s) that directs them along a dorsal trajectory. It was not possible to test this by removing the floor plate from the explants and scoring the trajectories of the axons, because this manipulation resulted in apparent failure of trochlear motoneurons to differentiate (data not shown; we presume that these motoneurons, like spinal cord motoneurons [Yamada et al., 19911 , require inductive signals from ventral midline structures for their initial development).
We therefore examined whether the floor plate can influence the growth of trochlear motor axons by culturing two ventral HMJ explants in tandem such that the floor plate of one explant (top) was opposite the dorsal cut edge of another explant (bottom), with the explants separated by loo-450 pm (see Figure 3A) . Axon outgrowth from the top explant in such cultures was comparable to that in control cultures (i.e., explants grown alone), with the characteristic dorsal bundle of trochlear motor axons projecting from all explants (35 of 35 explants with bundles; Figure 38 ). In contrast, dorsal bundles were not observed projecting from the bottom explant (0 of 35 with bundles; Figure 38 ). Monitoring of explants during the culture period indicated that absence of a dorsal bundle was due to a failure of the bundle to form rather than to its extension and subsequent retraction (data not shown). The presence of a dorsal bundle was not affected when the top explant was replaced by an explant of dorsal spinal cord (12 of 12 with bundles; Figure 3C ) or ventral spinal cord (without floor plate) (11 of 11 with bundles), indicating that its absence in tandem cocultures of ventral HMJ explants did not result from a nonspecific effect such as a distortion of the collagen matrix by the top explant. The floor plate region microdissected from ventral HMJ explants prevented the appearance of this bundle (0 of 9 with bundles), as did explants of floor plate from spinal cord levels (1 of 16 with bundles; Figure 3D ). These results indicate that the floor plate secretes a diffusible factor(s) that suppresses the formation of a dorsal bundle of trochlear motor axons, and that expression of this factor is not restricted to the axial level of the trochlear nucleus.
COS Cells Secreting Netrin-1 Suppress the Formation of Dorsal Bundles of Trochlear Motor Axons
The long-range inhibitory effect of the floor plate on dorsally directed trochlear motor axons contrasts with its longrange attractive action on ventrally directed spinal commissural axons, which is thought to be mediated by netrin-1, an UNCB homolog. In C. elegans, UNC-6 contributes to guiding both dorsally directed and ventrally dithese bundles were, on average, shorter than those in explants cultured alone (the length of the bundle was measured to the point of contact with the cells). If we consider only those cocultures where the control COS cells were more than 300 urn from the explants (i.e., a distance equal to the average length of bundles in explants cultured alone), we find that the lengths of bundles with control COS cells were not significantly different from the lengths of bundles in explants cultured without COS cells (p > 0.1, t test). Abbreviations as in (C). Scale bars in (A) and (B), 190 urn. 
control COS cells (C and D); another ventral HMJ explant (G and H); a spinal cord floor plate explant (I and J); or COS cells secreting netrin-1 (E, F, K, and L). Each of the bottom panels (B. D, F, H, J, and L) shows a transverse view of the culture that is viewed from the side in the corresponding top panel. In explants cultured opposite a source of netrin-1 (E-L), the absence of a dorsal bundle is associated with a variety of different behaviors of F64.1+ axons. In (E)-(F) and (G)-(H), axons grow ventrally in the collagen, hugging the explants (arrowhead in [F]); in (H), the axons lift off the explant (arrowhead).
In (J), some axons continue to grow dorsally but are deflected away from the floor plate (arrowheads point to two such fascicles). In (K) and (L), the axons continue to grow dorsally but are foreshortened. Scale bars, 160 urn rected axons, raising the question of whether netrin-1, which is expressed in the floor plate at all axial levels (Kennedy et al., 1994) , contributes to the inhibitory action of the floor plate. To examine this possibility, COS cells were transfected with a netrin-1 expression construct, and aggregates of the transfected COS cells were placed opposite the dorsal cut edge of a trochlear explant and cocultured for 40 hr. Netrin-l-secreting COS cells suppressed the appearance of the dorsal bundle of trochlear motor axons, whereas control COS cells did not (Figures 4A-4D ). The netrin-l-secreting cells were slightly less effective than the floor plate, since dorsal bundles were observed in about 30% of cases ( Figure 4C ). However, the mean length of the bundles in these cases was significantly shorter than with control COS cells (p = 0.002, t test; Figure 4D ; see also Figures 5K and 5L) , showing that even in these cases, netrin-1 affected trochlear motor axon growth.
The Floor Plate and Netrin-l Repel Trochlear Motor Axons
To determine what happened to trochlear motor axons that failed to form dorsal bundles in the presence of floor plate or netrin-l-secreting cells, we visualized such axons by using F84.1. Trochlear motor axons were unimpeded by control tissues (e.g., dorsal spinal cord; Figure 5A ) or control COS cells ( Figure 5C ) and, as seen in transverse views, appeared to grow over them (Figures 56 and 5D ). In contrast, the extension of trochlear motor axons was perturbed in a variety of different ways in explants cultured opposite three different sources of netrin-1 : ventral HMJ explants, spinal cord floor plate explants, or COS cells secreting netrin-1. The axons displayed a wide range of behaviors even within a single explant, though all behaviors were observed in all three types of coculture, and all of these behaviors resulted in the failure of a dorsal bundle to form (each type of behavior will be illustrated here for only one of the coculture conditions). In some cocultures, numerous F84.1' axons grew dorsally to the edge and exited the explant, then turned to project ventrally within the collagen, often hugging the explant (illustrated for a coculture with COS cells secreting netrin-1; Figures 5E and 5F) and sometimes lifting off as they approached the endogenous floor plate in the bottom exp!ant (illustrated for a coculture with a ventral HMJ explant; Figures 5G  and 5H) . In other explants, thin fascicles of F84.1+ axons continued to grow dorsally after exiting the explant, but were mostly deflected away from the top explant as they progressed dorsally(illustrated for acoculture with aspinal cord floor plate explant; Figures 51 and 5J) . In cases where a short dorsal bundle was observed in explants cultured opposite netrin-l-secreting cells (see Figure 4D ), F84.1 staining suggested that the axons had stalled ( Figures 5K  and 5L ). Finally, in some cocultures, the axons from the bottom explant appeared to have grown to the edge of the explant and stopped there, as no axons were seen growing into the collagen or over the edge (data not shown). Thus, the apparent absence (as viewed in darkfield optics [ Figures 3 and 41 ) of a dorsal bundle projecting from explants cultured opposite floor plate cells or COS cells secreting netrin-1 seems to reflect both an inhibition of axon outgrowth into the collagen gel and a redirection away from the top explant of those axons that do exit.
Discussion
Developing axons are guided by diffusible chemoattractants and chemorepellents, but the identity of these longrange guidance cues is largely unknown. Netrin-1 is a long-range chemoattractant expressed by floor plate cells that is thought to guide commissural axons along a ventrally directed circumferential trajectory. The finding that netrin-1 is a vertebrate homolog of UNC6, which is involved in guiding both dorsally directed and ventrally directed circumferential migrations, led us to examine the involvement of netrin-1 in directing dorsal migrations away from the floor plate. Our results indicate that the floor plate and netrin-1 repel trochlear motor axons at a distance. Thus, netrin-1 appears to be a bifunctional long-range guidance cue, attracting some ventrally directed axons, while steering some dorsally directed axons away. These results indicate a striking conservation in the function of UNC-G/netrin family members despite the 600 million years of evolution that separate present-day nematodes from chordates.
Guidance of Trochlear Motor Axons by the Floor
Plate and Netrin-l We have shown that the floor plate suppresses the formation of a bundle of trochlear axons that normally projects from the dorsal aspect of ventral HMJ explants and that this involves a redirection of the axons away from the source, i.e., a repulsion. Netrin-1 is likely to mediate this effect partly or entirely, since nerrin-7 is expressed by floor plate cells in the midbrain and hindbrain (Kennedy et al., 1994) , and since COS cells secreting netrin-1 mimic the effect of floor plate cells. In our experiments, COS cells were slightly less effective than floor plate cells ( Figure  4C ). It is possible that floor plate cells secrete additional factors that contribute to their repulsive effect (e.g., netrinsynergizing activity (Serafini et al., 19941) . Alternatively, the transfected COS cells used here may simply secrete less netrin-1 than do floor plate cells.
Our experiments have not resolved how netrin-1 exerts its long-range repellent effects. Repulsion could result from a concentration-dependent inhibition of axon extension; when encountering a threshold concentration of netrin-1, the axons may reorient growth at random and eventually extend away from the source. Alternatively, the axons may be capable of detecting a gradient of netrin-1 and of turning to grow down-gradient.
One consideration that favors a gradient detection mechanism is that in our experiments, the developing axons were actually confronted with two sources of netrin-1: an endogenous floor plate within the explant, located 50-l 50 urn from the axons as they emerged from the cell bodies, and an exogenous floor plate or aggregate of transfected COS cells that could exert a repulsive effect on the axons even when positioned over 400 j.rrn away from the dorsal edge of the explant. Thus, trochlear motor axons have no difficulty extending in the vicinity of a source of netrin-1, provided they are growing away from it, but they are inhibited from extending toward a source, even a relatively distant one. The simplest interpretation of this result is that the axons can grow down a gradient of netrin-1 but are inhibited from growing up-gradient.
A gradient detection mechanism has been shown to underlie the responses of temporal retinal axons to a membrane-associated repellent in posterior chick tectum (Baier and Bonhoeffer, 1992) . When growing up gradients of this repellent, these axons showed a wide range of behaviors: under conditions where they were permitted to turn around, many different angles of deflection were observed, and only a few axons reversed their trajectory entirely, but when constrained to grow up-gradient in a narrow corridor, the axons stalled (Baier and Bonhoeffer, 1992) . This range of behaviors is reminiscent of that observed for trochlear motor axons growing toward a source of netrin-1 ( Figure  5) ; the fact that a wide variety of behaviors was observed in our experiments may presumably be ascribed to the confusion wrought by the simultaneous operation of the repulsive force of the exogenous source of netrin-1 and of other forces within the neural epithelium that tend to make the axons grow dorsally (see below).
The precise role of netrin-1 in the guidance of trochlear motor axons in vivo may depend on the mechanism of its repulsion. If netrin-1 functions through a concentrationdependent inhibitory mechanism, then in vivo it may simply create an inhibitory barrier that prevents trochlear motor axons from ever approaching the ventral midline; its main role might then be to redirect the few axons that initially project in a ventral direction. However, if netrin-1 functions through a gradient detection mechanism, it could participate more directly in guiding all trochlear motor axons in vivo by being present in a decreasing ventralto-dorsal gradient that instructs the axons to grow dorsally. Even in this case, however, it is unlikely that netrin-1 is the sole cue guiding the axons. For example, the action of netrin-1 cannot easily explain why the axons are confined to a narrow corridor and do not fan out in a rostra1 or caudal direction as they grow dorsally. The axons are presumably channeled by permissive cues that mark out the corridor, by inhibitory cues that surround it, or both. In addition, while our experiments show that attractive cues from more dorsal structures are not required for the initial dorsal guidance of trochlear motor axons, it is possible that such cues guide the axons as they start to approach the dorsal midline.
Guidance of Other Motor Axons by the Floor Plate
The axons in dorsal bundles that were repelled in our experiments were identified as trochlear motor axons by the location of their cell bodies and by their expression of F84.1. Our experiments do not, however, address whether axons other than trochlear motor axons, such as the F84.1+ oculomotor axons in some of our explants, are also repelled. The floor plate has, in fact, recently been reported to repel other motor axons in the hindbrain and spinal cord (Guthrie and Pini, 1995) and as yet unidentified axons from mesencephalic alar plate and basal plate (Tamada et al., 1995) . Thus, it is conceivable that the floor plate has a generalized repulsive effect on all axons that normally grow away from the floor plate, in particular motor axons. Whether these repulsions are mediated by similar molecular mechanisms is unknown. In addition, this generalized repulsion on its own cannot explain the observation that, although no motor axons project toward the floor plate, different classes of motor axons do have distinct trajectories, dorsally or ventrolaterally directed (see references cited in the Introduction; Puelles and Privat, 1977; Altman and Bayer, 1984; Lumsden and Keynes, 1989) . The axons of trochlear motor (nerve IV) and branchiomotor (nerves V, VII, and IX) neurons all project along a dorsal trajectory (though branchiomotor axons exit before growing all the way to the dorsal midline). In contrast, the other cranial motor axons (nerves Ill, VI, and XII) and spinal motor axons extend ventrolaterally to exit the neural tube close to the cell bodies of origin. Floor plate repulsion cannot on its own easily account for ventrolateral projections. One possibility is that dorsal portions of the neural tube secrete another repellent that selectively prevents the ventrolaterallydirected axons from projecting dorsally, without effect on trochlear motor or branchiomotor axons.
Molecular Basis of the Distinct Axonal
Responses to Netrin-1 Our experiments do not make it possible to distinguish whether the attractive and repulsive effects of netrin-1 are mediated by a single type of receptor coupled to distinct transduction mechanisms or by distinct types of receptors. In C. elegans, studies of the uric-5 gene have suggested that distinct receptors direct dorsal and ventral migrations involving UNCB. Mutations in uncd, which encodes a putative transmembrane protein (Leung-Hagesteijn et al., 1992) , disrupt circumferential migrations in the dorsal direction without effect on ventral migrations (Hedgecock et al., 1990) . Ectopic expression of uric-5 in neurons that normally project ventrally or longitudinally redirects their axons dorsally in an uric-g-dependent manner (Hamelin et al., 1993) . Together, these results strongly suggest that UNC-5 is the receptor (or a component of the receptor) that mediates dorsal migrations, and that a distinct receptor mediates ventral migrations. By analogy to the nematode, distinct receptors may also mediate the attractive and repulsive actions of netrin-1.
Chemorepulsion
and the Bifunctionality of Axon Guidance Cues Whereas axons were postulated to be guided by chemoattractants over a century ago (Flambn y Cajal, 1892), it was only recently appreciated that axons can also be guided by diffusible chemorepellents (Pini, 1993; Fitzgerald et al., 1993) . Netrins are the only chemoattractants for developing axons so far identified; our results have now also identified netrin-1 as a diffusible chemorepellent.
In addition to netrin-1, collapsinlsemaphorin
Ill, a soluble protein that can cause collapse of sensory growth cones (Luo et al., 1993) , has recently been shown to function as a diffusible chemorepellent (Messersmith et al., 1995) , and semaphorin II has been found to function as a diffusible inhibitor of terminal arborization (Matthes et al., 1995) .
The demonstration of dual effects of the diffusible factor netrin-1 extends previous observations made on dual effects of nondiffusible cell surface and extracellular matrix molecules. The extracellular matrix molecule tenascin promotes the outgrowth of spinal motor axons (Wehrle and Chiquet, 1990) , but provides an unfavorable substrate for a variety of CNS axons (Faissner and Kruse, 1990) . Myelin-associated glycoprotein (MAG), a transmembrane member of the immunoglobulin gene superfamily, has been shown to promote the extension of some axons but to inhibit the growth of others (Mukhopadhyay et al., 1994; McKerracher et al., 1994) . In Drosophila, the cell surface protein connectin, which is expressed on a subset of muscle cells, appears to have dual actions, repelling motor axons that do not normally innervate them (Nose et al., 1994) , and promoting innervation by the appropriate motor neurons (A. Nose, personal communication).
These studies suggest that axon guidance cues may quite generally be both attractive and repulsive and that some guidance cues are best thought of simply as signposts, bearing directional information that can steer axons in different directions depending on the interpretive machinery in the growth cone.
Experimental Procedures Explant Cultures
El 1 rat embryos (EO, day of vaginal plug) were dissected in L15 medium (GIBCO) with 5% heat-inactivated horse serum after incubation in a I:1 mixture of STV (saline, 0.25% trypsin, 0.02% versene) and 10x Pancreatin (GIBCO) on ice for 20 min. Explants were embedded in collagen gels as described (Tessier-Lavigne et al., 1988) and cultured in a 75:25 mixture of OptiMEM and F12 medium (GIBCO) supplemented with Glutamax (GIBCO), 1% penicillin/streptomycin, 40 mM glucose, and 5% fetal calf serum. In cocultures, explants were separated by 100-450 pm. We did not systematically test repulsive activity for larger separations.
COS Cell Transfections
COS cells were transfected with a netfinexpression construct, and aggregates of transfected or mock-transfected cells were prepared by the hanging drop method as described (Kennedy et al., 1994) . In all experiments, the secretion of netrin-1 by cell aggregates was monitored by testing the ability of the cells to evoke robust commissural axon outgrowth from El 1 dorsal spinal cord explants (Kennedy et al., 1994) .
lmmunostaining and Dil Labeling
After fixation with 4% paraformaldehyde in PBS, immunostaining was carried out with F94.1 supernatant (Prince et al., 1992; 1:20) or an anti-neurofilament antibody (NF-M; Lee et al., 1987 ; 1:5000) and a horseradish peroxidase-conjugated secondary antibody (Boehringer Mannheim; 1:500) in PHT (PBS, 1% heat-inactivated normal goat serum, 1% Triton X-100). Staining of explants in collagen gels was as described previously (Kennedy et al., 1994) . For sections, the HMJ of an El3 embryo was fixed, dissected, and stained in whole mount prior to cutting 50 Km vibratome sections. Axons were labeled retrogradely with Dil in fixed tissue (Godement et al., 1987; Honig and Hume, 1989) by placing small crystals either into the mesenchyme posterior to the eye (in intact El3 embryos), or in contact with the dorsal bundle of axons projecting from complete HMJ or ventral HMJ explants cultured for 48 or 40 hr, respectively, and allowing the dye to diffuse through the axons for 2-7 days at 37°C.
Quantification
of Inhibitory Effects To quantitate the presence and length of dorsal bundles of trochlear motor axons (Figures 38, 4C, and 4D ), a dorsal bundle was defined as a loose cluster of axons, over 30 vrn wide, projecting from the dorsal aspect of the ventral HMJ explant. All quantitation was performed prior to immunolabeling of the explants.
